We use neutron scattering and bulk property measurements to determine the single-ion crystalfield Hamiltonians of delafossites KErSe2 and CsErSe2. Our analysis shows both to have an easyplane ground state doublet with large Jz = 1/2 terms and the potential for significant quantum effects, making them candidates for quantum spin liquid or other exotic ground states. We also show that inelastic neutron data and powder susceptibility alone cannot fully determine the Hamiltonians: two models emerge from the fits which match the data but which have opposite anisotropies. In this case, single-crystal directional magnetization or finite-field neutron scattering is necessary to identify the correct CEF Hamiltonian.
I. INTRODUCTION
The triangular lattice is a canonical geometry in theories of quantum spin liquids (QSL), wherein spins are entangled in a long-range fluctuating ground state with fractionalized excitations [1] [2] [3] . Although isotropic quantum spins on a 2D triangular lattice order magnetically [4, 5] , further neighbor exchange [6, 7] and magnetic anisotropy [8, 9] can theoretically produce a QSL state. Because magnetic anisotropy is driven by spin-orbit interactions, f -electron rare-earth ions are prime candidates for triangular-lattice QSLs [10] [11] [12] . One of the most prominent rare-earth triangular lattice QSL candidates has been YbMgGaO 4 [13] [14] [15] [16] [17] , although disorderdriven glassiness in the ground state casts doubt on the QSL hypothesis [18] [19] [20] [21] [22] . Nevertheless, since the discovery of YbMgGaO 4 there has been a salvo of rare-earth based triangular lattice QSL candidates [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Any exotic behavior in these materials is heavily dependent upon magnetic anisotropy, so understanding the magnetic anisotropy is of key importance.
Magnetic single-ion anisotropy of an ion comes from crystal electric field (CEF) interactions with surrounding ligands [33, 34] . The CEF Hamiltonian also determines the ease of quantum tunnelling of the effective spin ground state: a system with strong quantum tunnelling effects will have large |J z = ±1/2 coefficients in its ground state [35] . Transitions between CEF levels are visible in neutron scattering, which allows the CEF parameters to be fitted to the energies and intensities of these modes [36] .
Recently, a new family of rare-earth delafossite triangular lattice magnetic materials was reported based on the ABSe 2 formula, where A is an alkali ion and B is a rare-earth ion [37, 38] . The whole series is triangular, but some of the compounds crystallize in the R-3m space group while others crystallize in the P 6 3 /mmc space group. This difference is in the stacking of triangular lattice layers, but it may also lead to subtle dif- * scheieao@ornl.gov ferences in magnetic anisotropy. In this study, we use inelastic neutron scattering and magnetization to determine the magnetic anisotropy of Er 3+ triangular lattice materials KErSe 2 (R-3m) [38] and CsErSe 2 (P 6 3 /mmc) [37] , shown in Fig. 1 . Both of these compounds show no magnetic order or spin freezing down to 0.42 K, and single-crystal magnetization shows an easy-plane magnetic anisotropy with low-field magnetization indicating a correlated magnetic state in KErSe 2 [38] . For rareearths, an easy-plane ansiotropy often indicates an effective |J z = ± 1 2 ground state which allows for significant quantum effects. This, combined with the observed correlations and absence of magnetic order, makes these materials candidates for exotic magnetic behavior-possibly the spin liquid phase. Our analysis confirms that the ground state doublet has a large J = 1/2 contribution with the potential for appreciable quantum effects. We also show that the CEF fit for these materials is underdetermined with zero-field neutron data and powder susceptibility data. Fully determining the CEF Hamiltonian requires bulk single crystal data or in-field neutron scat-arXiv:2001.03175v2 [cond-mat.str-el] 6 Feb 2020 tering.
II. EXPERIMENTS AND RESULTS
Powder samples of KErSe 2 and CsErSe 2 were synthesized in accord with refs. [38] and [37] , respecively. We performed neutron scattering experiments using the HYSPEC instrument at the ORNL Spallation Neutron Source. Both KErSe 2 and CsErSe 2 samples weighting approximately 3 grams were loaded in a loose powder form inside 9.5 mm diameter Aluminum cans. We measured the KErSe 2 spectrum at 1.8 K, 15 K, 50 K and 100 K temperatures for 8 hours each with an incident neutron energy E i = 9 meV and Fermi chopper frequency of 360 Hz. Additional measurements were carried out at the same temperatures using E i = 20 meV. The sample was cooled down using a standard 100mm bore Orange cryostat. For the CsErSe 2 compound, we collected data at T = 1.8 K and T = 50 K for 7.5 hours using E i = 9 meV and 360 Hz. Further measurements were carried out using E i = 30 meV at 1.8 K. This sample was mounted and cooled in a vertical field cryomagnet. Measurements of CsErSe 2 under applied magnetic fields of up to 5 Tesla were performed to evaluate the Zeeman splitting of crystal field levels. The zero-field E i = 9 meV data for both compounds is shown in Fig. 2 .
We also measured the powder-average susceptibility at 1 T between 2 K and 300 K and single crystal magnetization at 2 K using a Quantum Design MPMS. For the single-crystal measurements, 0.56 mg (KErSe 2 ) and 1.75 mg (CsErSe 2 ) plate-like crystals were used, with field oriented along the c axis (orthogonal to the plate surface) and then with field oriented in the ab plane (parallel to the plate surface). This data is shown in Fig. 4 .
The neutron scattering spectra from KErSe 2 and CsErSe 2 (Fig. 2 Fig. 6 ). At higher temperatures, the low-energy modes become populated and many more transitions are visible in the neutron spectrum.
Low-temperature magnetization in Fig. 4 shows that both KErSe 2 and CsErSe 2 are more easily magnetized along the in-plane direction than in the c direction, indicating an easy-plane magnetic anisotropy. The close correspondence between the experimental data for these compounds suggests that the CEF Hamiltonians of these two compounds are very similar. The challenge is fitting the data to the appropriate model. 
III. CEF ANALYSIS
The CEF Hamiltonian can be expressed using the Stevens Operator formalism as
Here O m n are the Stevens Operators [33, 39] and B m n are multiplicative factors called CEF parameters. Er 3+ is a Kramers ion with an effective spin J = 15/2, so up to eight doublet eigenstates will exist. For both KErSe 2 and CsErSe 2 , the Er 3+ ion has a D 3 symmetric ligand environment with a rotation axis about c. Setting the z axis along c, symmetry dictates that only six CEF parameters are nonzero: B 0 2 , B 0 4 , B 3 4 , B 0 6 , B 3 6 , and B 6 6 [33] . These coefficients, once properly fitted to the data, uniquely define the CEF Hamiltonian.
To simplify the neutron data for the CEF fit, we integrated over 1.25 Å −1 < Q < 1.9 Å −1 to create 2D data sets. This range was chosen to maximize the energy transfer range over which the same range of Q is integrated. Given that the CEF excitations are local and have no dispersion, no information is lost by doing this. For KErSe 2 , we simultaneously fit the CEF model to the 1.8 K, 15 K, and 100 K data. For CsErSe 2 , we simultaneously fit the CEF model to the 1.8 K and 50 K data.
We fit the CEF Hamiltonian by minimizing the difference between the simulated and measured neutron spectra, rather than extracting peak energies and intensities beforehand. Thus we avoid making assumptions about overlapping peaks in the high-temperature data sets. For both KErSe 2 and CsErSe 2 , we defined the starting parameters with a point-charge model wherein surrounding ligands are modeled as electrostatic point-charges [33] us-ing PyCrystalField software [40] . We then fit the effective positions of the ligands to the neutron data, and then used the CEF parameters from that intermediate fit as starting values for fitting the CEF parameters directly. Details of the fitting procedure are in Appendix B.
The initial fitted CEF Hamiltonians yielded excellent matches to the neutron scattering data, but we found two different models which fit the KErSe 2 and CsErSe 2 neutron scattering data. One model shows an easy-plane ground state with B 0 2 < 0, the other shows an easy-axis ground state with B 0 2 > 0, with small variations between each material in the CEF parameters. The easy-plane model we call Model 1 and the easy-axis model we call Despite the fact that Model 1 and Model 2 have completely different anisotropies, the calculated CEF spectra for both compounds are nearly identical and fit the neutron data beautifully. The reduced χ 2 for KErSe 2 is slightly lower for Model 2 (χ 2
Assuming that similar chemical structures will lead to similar CEF Hamiltonians, only one model is correct. To adjudicate, we turn to bulk property measurements.
We computed the powder-averaged single-ion susceptibility from the CEF Hamiltonians for KErSe 2 [Fig. 4 (a)-(b)] and CsErSe 2 [ Fig. 4 (e)-(f)] using PyCrystalField and compare to experimental data. Curiously, the powderaveraged susceptibilities for Models 1 and 2 are identical for both compounds. Thus it is not possible to distinguish between the two models with powder susceptibility.
Fortunately, Models 1 and 2 can be distinguished with directional magnetization. We computed the directional magnetization from the CEF Hamiltonians for KErSe 2 [Fig. 4 (c)-(d)] and CsErSe 2 [ Fig. 4 (g)-(h)] using Py-CrystalField and compare to experimental data. In this case, the bulk magnetization very clearly indicates which model is correct. Model 1 magnetization reveals an easyplane ground state, while Model 2 magnetization reveals an easy-axis. As previously noted, experimental magnetization clearly shows both KErSe 2 and CsErSe 2 to have an easy-plane orthogonal to the c direction. Therefore, we identify Model 1 as the correct CEF model for both KErSe 2 and CsErSe 2 . The correspondence between experimental and theoretical magnetization curves is not perfect because magnetic exchange interactions severely affect the shape of magnetization curves at low temperatures. Nevertheless, the overall anisotropy is clear.
The best fit CEF parameters, taken from Model 1, are given in Table I. The lowest energy doublet for KErSe 2 is
and the lowest energy doublet for CsErSe 2 is
The full lists of eigenvalues and eigenstates are given in Tables VI and VII. The g tensors calculated from the ground state kets are g ⊥ = 6.0(1) and g z = 4.9(2) for KErSe 2 ; and g ⊥ = 5.4(3) and g z = 5.9(5) for CsErSe 2 . For KErSe 2 the g tensor is easy-plane, but for CsErSe 2 both easy-axis and easy-plane g-tensors are within uncertainty. Both are in qualitative agreement with the anisotropy indicated by low-field magnetization. The uncertainties for these values were calculated by finding a line through parameter space which minimizes reduced χ 2 up to one standard deviation from the global minimum. This method, explained in detail in Appendix D, fully accounts for correlated uncertanties and gives accurate bounds on the final eigenstate coefficients.
IV. DISCUSSION
Both KErSe 2 and CsErSe 2 have an easy-plane magnetic anisotropy coinciding with the triangular lattice plane, just like their Yb 3+ cousins [41, 42] . For both compounds, the ground state doublet has substantial weight given to | ± 1 2 , | ± 7 2 , and | ± 13 2 . The similarity between the CEF ground states of these compounds shows that the difference between R-3m and P 6 3 /mmc does not produce a significant difference in anisotropy. Despite the different inter-layer arrangement of K and Cs ions, and the fact that the Se-octahedra of KErSe 2 are 0.032(5) Å taller along the c axis with an Er-Se distance 0.008 (7) Å shorter, the components of the ground state eigenstates almost overlap to within uncertainty.
The large | ± 1 2 component in the CEF ground state means that J + and J − will have a significant effect in causing tunnelling between these two states, but the |± 7 and | ± 13 2 could suggest more classical behavior. Thus, an exotic finite-temperature quantum state like a QSL is a real possibility but not guaranteed.
Easy-plane Er 3+ magnetism seems to be a robust feature of the delafossites: the KErSe 2 and CsErSe 2 CEF Hamiltonians are very similar to the CEF ground state reported for triangular-lattice NaErS 2 , which also has easy-plane Er 3+ ground state with substantial weight on | ± 1 2 [28] . This is also similar to Er 3+ pyrochlores Er 2 B 2 O 7 (B = Ge, Ti, Pt, and Sn) which likewise have easy-plane magnetic anisotropies from a D 3 CEF environment [43] . In the pyrochlore Er 2 Ti 2 O 7 , this easyplane anisotropy leads to a degenerate ground state with emergent "clock anisotropies" in its magnetic ground state [44] [45] [46] . Given the similar XY CEF Hamiltonians, similar such behaviors could be found in the 2D triangular lattice Er 3+ delafossites. Quantum order by disorder, which is theorized to govern Er 2 Ti 2 O 7 [44] , is also expected for triangular lattices [47] , raising the possibility of emergent degeneracies on a 2D triangular lattice. It is also worth noting that excited CEF states of KErSe 2 and CsErSe 2 are at very low energy, so we expect them to influence magnetic exchange interactions via virtual crystal field fluctuations [48, 49] . Accordingly, the crystal field eigenstates presented here will be relevant to future theoretical investigations of these compounds. To obtain more information on magnetic exchange, it will be necessary to measure at lower temperatures to ascertain whether these materials order magnetically and if so what type.
Underconstrained CEF models
On a differente note, this analysis demonstrates that CEF fits to neutron data can be underconstrained. Model 1 and Model 2 fit the data almost equally well for both compounds, but have wildly different magnetic anisotropies. By χ 2 comparison alone, it is not possible to distinguish them-in fact for KErSe 2 one would be tempted to incorrectly designate Model 2 as the correct model because its χ 2 red is more than 2σ below χ 2 red of Model 1. Even comparison to powder-average susceptibility-commonly taken as a validation of a CEF Hamiltonian [50] [51] [52] -is insufficient to constrain the fit. One must compare the CEF transitions to single-crystal bulk-property experiments to fully constrain the solution. In this case, we use magnetization, which very clearly indicates the easy plane solution is correct.
It also is possible to identify the correct model by analyzing the CEF levels in a magnetic field. This splits the doublets, and creates more levels by which one can compare theory to experiment. This is done for CsErSe 2 in Appendix C, and shows Model 1 to be closer to the observed scattering pattern, verifying the directional magnetization result. This method, however, is less useful for powders because strong magnetic fields will cause the powder grains to reorient so that one is not measuring an isotropic powder-average, making the comparison between theory and experiment more qualitative than quantitative. Nevertheless, it is able to distinguish Model 1 and Model 2.
Because of the ambiguity revealed by this CEF anal-ysis, we urge caution in interpreting CEF Hamiltonians extracted from neutron data. A solution may match the inelastic neutron data beautifully, but be totally inaccurate. Unfortunately, the practice of comparing CEF calculations to bulk single-crystal data is not common, so it is not possible to say how pervasive this underdetermination problem is. However the example of Yb 2 Ge 2 O 7 , where the inelastic-neutron-scattering-fitted CEF Hamiltonian [53] failed to match the measured g-tensor from ESR [54] , shows that the problem extends beyond the delafossites. At least for the D 3 symmetric environment, single crystal bulk data or in-field scattering is necessary to fully constrain the solution.
V. CONCLUSION
We have used crystal field excitations and bulk magnetization to determine the crystal field ground state and anisotropy of KErSe 2 and CsErSe 2 , both of which have easy-plane ground state doublets despite the different crystal space groups. We report the full CEF Hamiltonian, which has significant J z = 1 2 components in the ground state doublet.
We also demonstrate that fitting the crystal field Hamiltonian to zero-field neutron scattering data can be an underdetermined problem, and requires single-crystal bulk property data to constrain the fit. This serves as a cautionary tale in interpreting CEF fits to neutron data.
These results suggest that quantum effects are significant in the Er-based delafossites at low temperatures, making them candidates for quantum effects or emergent degeneracies like Er 2 Ti 2 O 7 . Additional low-temperature data is necessary to determine what, if any, is the ground state magnetic order. The lack of magnetic order and potential for strong quantum effects makes KErSe 2 and CsErSe 2 candidates for exotic magnetic states. elastic peak was excluded, as was the highest and lowest energy transfer data, which are featureless. We also excluded the negative energy transfer data for 1.8 K data because the Boltzmann population factor suppresses the negative energy peaks and there is no information there. At higher temperatures the negative energy peaks are visible, so we kept these in the range of fitted data.
We also collected neutron scattering data at E i = 30 meV for CsErSe 2 , shown in Fig. 6 . No peaks were visible in the data, and because of this the data was not used in the fits. Both Model 1 and Model 2 predict three CEF transitions around 25 meV, but for neither model do the peaks have any appreciable intensity. Model 1 calculated intensity is shown in Fig. 6 , and no calculated peaks are visible, consistent with the data. Appendix B: Fitting procedure
Fitted variables
In addition to the six CEF parameters, we included several fitted parameters in order to properly model the neutron spectrum. We fitted an overall intensity factor (different for each compound). We also included a linear fitted background in KErSe 2 . The background in CsErSe 2 was larger and more complex because of the magnet used in the experiment, so we modeled the background with two broad Gaussians, adjusted by hand so that the background in between the CEF peaks matched experiment.
To model the peak shape, we used a Voigt profile to simulate a convoluted Gaussian and Lorentzian. The cal resolution function which models resolution width as a linear function of energy. The slope and offset of this line were fitted to the widths of fitted 1.8 K peak widths (excluding the central elastic peak). Each compound had its own resolution function, and it was fixed for the entire fitting procedure. The Lorentzian component was treated as a fitted variable, constant as a function of energy but variable with temperature. We also fitted a global offset in energy for each compound to account for slight asymmetries in the resolution function. As shown by the fits in Fig. 3 , this phenomenological peak shape fits the data very well.
In the final stages of the fit, it became clear that the peaks in the higher T data slightly shifted to lower energies (and the negative energy transfer peaks were shifted to higher energies). This is due to thermal expansion shifting the ligands very slightly away from the central Er 3+ ion, which lowers the overall energy scale of the CEF interactions. To account for this, we added a fitted thermal expansion parameter which multiplies the CEF transition energy by a factor varying linearly with temperature, so that
where ∆ is the peak energy, E is the thermal expansion parameter, and T is temperature.
In total, this gives 15 fitted parameters for KErSe 2 and 11 fitted parameters for CsErSe 2 . The peak width, background, energy offset, and thermal expansion parameters were only fitted in the final stages-once the peak energies and intensities had converged roughly to their experimental values. 
Fitting protocol
Following the method in ref. [55] , we first fitted a point charge model and then directly fitted the CEF parameters. We fitted the point charge model by varying the size of the Se octahedra and the compression along the c axis (the only ways to modify the ligand environment while preserving all symmetries). Then, using the calculated CEF parameters from the fitted point charge model as starting parameters, we fit the CEF parameters directly to the data iteratively using SciPy's implementation of the Powell [56] and Nelder-Mead [57] methods. We fit using one method, then multiplied the scale factor by a factor to "kick it" out of the local minimum, refit using the other method, etc. This was repeated until iterations failed to reduce the global χ 2 value.
For the first few iterations, we added a term to the global χ 2
based off the fitted transition energies ∆ expi for the lowest temperature data set. This was to smooth out the χ 2 landscape and ensure the peaks converged to the right energies. Once the fitted peaks were close to the observed peak energies, we removed this term. This procedure yielded good convergence to the global minimum: both KErSe 2 and CsErSe 2 converged to the lowest global χ 2 (even though for KErSe 2 the model with lowest χ 2 turned out to be incorrect).
The code for these fits, which gives the precise protocols and all intermediate fitted values, can be found at https://github.com/asche1/PyCrystalField.
Fit results
The fitted CEF parameters for Model 1 and Model 2 for KErSe 2 are listed in Table II and for CsErSe 2 are listed in Table III . Single-crystal bulk property measurements were able to identify Model 1 as the correct model for both compounds. 
Appendix C: Finite-field scattering
The CsErSe 2 experiment was performed with a vertical field magnet, and we collected data at 3 T, 5 T, 1 T and 2 T (in that order) in addition to 0 T. This data is shown in Fig. 7 , and shows the doublets being split by the magnetic field. Applying the magnetic field dramatically attenuated the neutron signal from the material (but not the background), indicating that the loose powder grains were shifted out of the beam (though still in the sample can) by the magnetic field. This shifting almost certainly involved a reorientation in the powder grains-meaning that the magnetic field was preferentially applied along certain crystallographic directions.
The shifts and reorientation notwithstanding, we simulated the powder-average in-field neutron spectrum using PyCrystalField with field directions randomly sampled around a unit sphere. These simulations are plotted in Fig. 7 for Model 1 (green) and Model 2 (red). The match between theory and experiment is not perfect, indicating the effects of grain reorientation, small magnetoelastic effects, or an slightly inaccurate Hamiltonian. Nevertheless, on a qualitative level, Model 1 matches the data much better than Model 2-particularly in the splitting of the low-energy mode at 3 T and 5 T.
Appendix D: Uncertainty
The uncertanties of CEF parameters are strongly correlated due to the nonlinear dependence of the peak energies on the CEF parameters. To characterize this uncertainty, we found the maximum deviation of all variables from the best fit values which would increase global reduced χ 2 by one standard deviation. We began by defining a range of B 0 2 values around the best fit B 0 2 value, and for each B 0 2 we re-fit the neutron data keeping B 0 2 fixed and varying all other variables. This resulted in a line through parameter space as a function of B 0 2 , giving a range of solutions which fit the data approximately equally. These solutions, with the associated χ 2 and comparison to magnetization, are plotted in Fig. 8 (KErSe 2 ) and Fig. 9 (CsErSe 2 ).
We then truncated the range of B 0 2 to where global χ 2 red increased above the best fit value by one (indicating one standard deviation because reduced χ 2 is normalized to the one-standard-deviation uncertainty and the number of free parameters). This yielded an approximately linear relationship between B 0 2 and all the other fitted variables for this range, which we fit to a quadratic curve (the parameters for these curves are given in Tables IV  and V) . As shown in Figs. 8 and 9 , the differences in the neutron spectrum along the best fit line are barely noticeable. Differences in c-axis single-ion low-field magnetization are visible, but due to the strong non-trivial effects of magnetic exchange on low-temperature magnetization, we did not include magnetization in the global χ 2 calculations. This gave us the uncertainty in the CEF parameters B m n reported in Table I . However, because the relationship between CEF parameters and CEF transition intensities is complex and nonlinear, these uncertainties do not straightforwardly propagate into uncertainties of the eigenstates. To find the eigenstate uncertainties, we diagonalized a series of CEF Hamiltonian from the range of solutions given by the best fit lines in Tables IV and V. We found the shifts in eigenvector component contributions to be approximately symmetric about the best fit values in the range bounded by one χ 2 standard deviation, so we defined uncertainty to be the difference -7(5)×10 −5 -0.007(5) -0.04 (6) between the best fit value and the value at the extremes of the best fit line. These uncertainties are reported for the ground state in Eqs. 2-3, and the full list of eigenstates with associated uncertainties is given in 
